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Effect analysis of electrical,

mechanical and thermal stresses

on power modules for automobiles
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Fig. 2.1 Schematic cross-sectional view of a trench gate structure.
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Fig. 2.2 Structure of test sample. The trench gate is interconnected at the trench
edge in the longitudinal direction (y-axis). The trench gate touches the trench
oxide layer at the upper corner of the trench edge.



Fig. 2.3 Three windows for measuring light emission rate. These windows were
used to obtain the distribution of electron injection: 1) the edge of the trenches, 2)
the center of the trenches, 3) the in-active area, for monitoring the noise level.
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Fig. 2.4 Light emission image of test sample. Localized electron injection occurred
at the trench edges in the longitudinal direction (y-axis).
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Fig. 2.5 Transverse (x-axis) cross-sectional SEM photographs of test sample.
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Fig. 2.6 Simulation results for the maximum electrical field strength versus curvature
radius. The points in the circles of the dotted line correspond to the corner of the
trench shoulder and the trench bottom respectively (see Fig.2.5).
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Fig. 2.7 Gate current of test sample as a function of stressing time under constant

voltage stress (Vg=63V).
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Fig. 2.8 Light emission rate of test sample as a function of stressing time under
constant voltage stress (Vg=63V).
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Fig. 2.9 Effect of carrier trap on electric field of MOS gate structure.
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Fig. 2.10 Gate current of planar capacitor as a function of stressing time under
constant voltage stress.
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@ 2 3 WirS?older

Solder

Si DBC sub. {

High thermal conductive material

Fig. 3.1 Schematic cross-section of power module: (a) Low thermal resistance
structutre, (b) Conventional structure.

Table 3.1 Piezoresistance coefficients on (001) silicon wafer (The units are 10-11Pal).

Current Stress Piezoresistance coefficients
direction direction I N-type P-type

[001] |10, =10, | 1022 | 66
[001]

[110],[110] [IT, =T1,,| 534 | -1.1

v Force Force 3 Compressive 3
: |

& cunpsss &
Compressive >
S /é Base plate

Tensile . Tensile

Fig. 3.2 Four point bending technique: (a) Conventional method, (b) Proposed method.
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Fig. 3.3 Test device structures: (a) Trench IGBT, (b) Planar IGBT.
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Fig. 3.4 Stress dependence of breakdown voltage at Ic=10pyA and leak
current at Vce=900V on trench IGBT.
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Fig. 3.5 Stress dependence of
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on-state voltage at Jc=230A/cm? on trench IGBT.
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Fig. 3.7 Voltage drop at Jc=230A/cm? of each part on trench IGBT (Simulation).
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Fig. 3.8 Stress dependence of on-state characteristics on planer IGBT
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Fig. 3.9 Stress direction dependence of on-state voltage at Jc=230A/cm? on
trench IGBT (Measurement).

20 T 1 T 1 T | T
- @ Stress direction [i'].O] .
10 F N O stress direction [110] | 4
< [
>
: *
2 of o -
e
g B ,.. D -
< (]
-10 -
[ Compressive Tensile
_20 1 1 1 1 1 1 1
-800 -400 0 400 800
Stress (MPa)

Fig. 3.10 Stress direction dependence of on-state voltage at Jc=230A/cm? on
planer IGBT (Measurement).
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Fig. 4.1 Melting point and process temperature of joint materials.
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Si chip (5% 5 mm)

Cu nanoparticle
sintered layer

N

DBA substrate
=AI/AIN/AI (20 x 20 mm)

Ti: sputtered (t 0.1um)
Ni: sputtered (t 0.2um)

(b) Si (t 400um)

Cu (t 35 um) Ni: plated (t 5um)

<«—AIN (t 635um)

Al (t 400pum)

Fig. 4.2 A diagram illustrating the layered sample structure: (a) an overview and
(b) the A-A cross section.
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Fig. 4.3 Temperature profile of thermal cycles.
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Fig. 4.4 Effect of parallelism on imaging.
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Fig. 4.5 Effect of refraction contrast on imaging.
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-

Small penetration
distance

Large penetration
distance

Constant penetration
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Fig. 4.6 Comparison between CT and laminography.

Table 4.1 Synchrotron radiation computed laminography measurement parameters.

SR Exposure Lenz Voxel size Inclinination
energy interval magnitude (um) angle ®
kev) () " ©)
29 0.1 5 1.3 30
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ZIT, olHMERATH D, B, TI /T T T 4ICL VLD SIRTHEERT

X, 7T—=F 777 b (BB BENEETOMERD D, M 4.810, BT
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ERREI N, ZOBEMEEIL, B FBEMEE (SEM : Scanning Electron
Microscopy) & & 1% ScELiE (EBSD : Electron BackScatter Diffraction)
W2 LY T STz, IEEEEIX SEM, EBSD & ¢ 15kV Th o7z, 7238, EBSD
FHERFDOEF B — LD ARy b A XE 10nm TH D, B E—LDIKNRY
D=, FER MBI S 50nm & 725, F£7=. EBSD FHliftd 2T >
713 100nm Th o7z, 723, EBSD HIEIZIR W TEEMFEE CI (Confidence
Index) =0.1 &2 o7l DWW THMERR L, CI<0.1 & 725 7o fIEBE VAT
#LT, Zhid, CI>0.1 OHAE, LS FHEEICE N T 95%DRE T
FEan LR T E H[66] 2 E BRI NTNDINE TH D, o, ZREE L
LT, A MLABHNS L7238 & A UL CERL L 72 30BHe kLT, A R
ARHUMOIRFE T 4.9 (TR THEEEZzEZEHT IO D L, SEM #l &
EBSD 434 % %t L 7=,

4.3. #REBE

4.10 1% Cu 7 / ki FBefs g DIREEY A 7 VARBRIZEB T D HEGHET 2 2 79
74D 2 WIS THY . A ML AKREINE, 100, 200, 500 YA 7LD
A NV ARG OGN RENTWD, 2L OERIZI T, HE O FEWENAL
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Fig. 4.7 Experimental setup for conducting synchrotron radiation computed
laminography observations.

Rotation axis

Fig.4.8 Examples of artifact of reconstruction image obtained by synchrotron
radiation computed laminography observations: (a) X-Y plane slice, (b) Z-Y plane
slice.

Si chip Cu nanoparticle sintered layer.

Removal of
Si chip

DBA substrate

Fig.4.9 Sample preparation for observation of Cu nanoparticle sintered layer.
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200pm

(iii)

(d)

High density Cu Crack

Fig. 4.10 Reconstructed 2D internal cross-sectional images of the Cu nanoparticle
sintered layer during thermal stress testing: (a) before thermal cycle stress obtained
in the X-Y plane at Z=18.2 um, (b) after 100 cycles obtained in the X-Y plane at
Z=18.2 pum, (c) after 200 cycles obtained in the X-Y plane at Z=18.2 ym, (d) after 500
cycles obtained in the X-Y plane at Z=18.2 uym, (e) before thermal cycle stress
obtained in the Y-Z plane (A-A cross section).
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EHRERM6l LAk CTH -T2, T D OFHERBIZBWT, K& &2 20-50pm D
HHW (T4 7 L—) $A0E, Cu 7 /R FREEBETHHIEERL, 20
AR E (X —7 7 L—) BB FEN T TN D Z ERbh 5 (K
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Low density Cu

Fig. 4.11 Crack propagation around the areas with high densities of Cu particles.

(a) (b)

Defect ratio
calculation
region

(d)

Fig. 4.12 Reconstructed 3D images (1.3 X 1.3 X 0.035 mm) of the sintered Cu
nanoparticle layer obtained (a) before thermal cycle stress testing, (b) after 100
cycles, (c) after 200 cycles, and (d) after 500 cycles.
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(@) (b)

(©)

Fig. 4.13 Defect images of the sintered Cu nanopatrticle layer (yellow), which were
superimposed on the image of the Ni plated layer (gray), obtained after 100 thermal
cycles at (a) Z=29.9 um, (b) Z=18.2 um, and (c) Z=6.5 pm.
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Fig. 4.14 Defect fractions calculated for different parts of the sintered Cu nanoparticle
layer after thermal stress testing.
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Fig. 4.15 SEM images of exposed Cu nanoparticle sintered area obtained (a) after
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Fig. 4.16 EBSD analysis of the sintered Cu nanoparticle layer subjected to 500
cycles of thermal stress testing: (a) an Inverse pole figure map , (b) an orientation
map, and (c) a grain size distribution.
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Fig. 4.17 EBSD analysis of the as-sintered Cu nanopatrticle layer : (a) an Inverse
pole figure map , (b) an orientation map, and (c) a grain size distribution.
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Fig. 5.1 A schematic drawing of the proposed particle/solder hybrid joint method.
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Fig. 5.2 Diagram illustrating layered structure of tested samples.

Table 5.1 Sintering material used, structure of adhesive layer, and bonding layer
thickness.

c Mixing ratio: Adhesive layer [um]
Sample nano ;rticle Bi-Sn/ (Bi- Bonding
P 1op Sn+Cu) SiC side DBA side layer
name diameter .
[nm] ) thickness [um]
[weight %] Ni/Ag Plated Ni / Ti/ Ni/ Ag
Cu bonding 135 0 0.6/1.2 5/0/0.2/0.1 35
Cu-Bi-Sn bonding 230 30 0.6/1.2 0/0.1/0.2/0.1 23

—

10pm

Fig. 5.3 Cross-sectional SEM images of Cu nanoparticle / Bi-Sn powder paste.
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Fig. 5.4 Sintering temperature profile for tested samples.
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Fig. 5.5 Diagram of set-up for bonding strength.
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Fig. 5.6 Photograph of set-up for synchrotron radiation computed laminography.
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Fig. 5.7 Effects of thermal aging on bonding strength.
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Fig. 5.8 Schematic illustration of shear stress-displacement curve.
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Fig. 5.9 Shear stress-displacement curves: (a) Cu bonding layer and (b) Cu-Bi-Sn
bonding layer.
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(a) Shear direction (b)

Fig. 5.10 SEM images of fracture surfaces: (a) Cu bonding before thermal aging,
(b) Cu bonding after thermal aging, (c) Cu-Bi-Sn bonding before thermal aging,
and (d) Cu-Bi-Sn bonding after thermal aging.
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(b)

(d)

(f)

Fig. 5.11 Reconstructed 2D internal cross-sectional SRCL images in X-Y plane of Cu
bonding layer: (a) Before thermal aging, obtained at Z = 34.1 um, (b) after thermal
aging, obtained at Z = 34.1 um, (c) before thermal aging, obtained at Z = 17.6 um, (d)
after thermal aging, obtained at Z = 17.6 um, (e) before thermal aging, obtained at Z =
1.0 um, (f) after thermal aging, obtained at Z = 1.0 um, and (g) after thermal aging,
obtained in Y—Z plane at A-A cross-section.
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(b)
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(e)

Fig. 5.12 Reconstructed 2D internal SRCL cross-sectional images in X-Y plane of Cu-
Bi-Sn bonding layer: (a) Before thermal aging, obtained at Z = 22.1 um, (b) after
thermal aging, obtained at Z = 22.1 um, (c) before thermal aging, obtained at Z = 11.7
um, (d) after thermal aging, obtained at Z = 11.7 um, (e) before thermal aging,
obtained at Z = 1.0 um, (f) after thermal aging, obtained at Z = 1.0 um, and (g) after
thermal aging, obtained in Y-Z plane at A-A cross-section.
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Sintered
_- layer

Fig. 5.13 Cross-sectional SEM images of A-A cross-section of bonding layer after
thermal aging: (a) Cu bonding layer and (b) Cu-Bi-Sn bonding layer.
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Fig. 5.14 Cross-sectional images of Cu bonding layer after thermal aging: (a) SEM image
and SEM-EDS maps of (b) O and (c) Cu.
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Fig.5.15 Cross-sectional images of Cu-Bi-Sn bonding layer after thermal aging: (a)
SEM image and SEM-EDS maps of (b) O, (c) Cu, (d) Sn, and (e) Bi.
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